Synopsis Oviparous species are model organisms for investigating embryonic development of endogenous physiological circadian rhythms without the influence of maternal biorhythms. Recent studies have demonstrated that heart rates and metabolic rates of embryonic turtles are not constant or always maximal and can be altered in response to the presence of embryos at a more advanced stage of development within the nest. A first step in understanding the physiological mechanisms underpinning these responses in embryonic ectothermic organisms is to develop metabolic profiles (e.g., heart rate) at different temperatures throughout incubation. Heart beat and rhythmic patterns or changes in development may represent important signals or cues within a nest and may be vital to coordinate synchronous hatching well in advance of the final stages of incubation. We developed baseline embryonic heart-rate profiles of embryos of the shortnecked Murray River turtle (Emydura macquarii) to determine the stage of embryogenesis that metabolic circadian rhythms become established, if at all. Eggs were incubated at constant temperatures (268C and 308C) and heart rates were monitored at 6-h intervals over 24 h every 7-11 days until hatching. Circadian heart rate rhythms were detected at the mid-gestation period and were maintained until hatching. Heart rates throughout the day varied by up to 20% over 24 h and were not related to time of day. This study demonstrated that endogenous metabolic circadian rhythms in developing embryos in turtle eggs establish earlier in embryogenesis than those documented in other vertebrate taxa during embryogenesis. Early establishment of circadian rhythms in heart rates may be critical for communication among embryos and synchrony in hatching and emergence from the nest.
Introduction
Many physiological processes fluctuate cyclically in response to external factors despite internal homeostatic control (Massin et al. 2000) . Heart rate, for example, is an important metabolic index that is controlled by homeostasis but is affected by other stimuli, such as environmental temperature, activity patterns, and hormones (Lillywhite et al. 1999) . Circadian rhythms are endogenously driven 24-h cyclical fluctuations of biochemical, physiological, or behavioral processes (Reppert and Weaver 2002 ) that respond to external cues, such as daylight, temperature, or even biological cues. For example, in mammals, fetal heart rate is synchronized with maternal physiological processes during the last stages of gestation (Mirmiran et al. 1992 ). In oviparous species without maternal care, true circadian rhythms may not occur because eggs are often deposited underground and cues such as the light/dark cycle, maternal physiological cues, and even daily temperature fluctuations are either not present or vary dramatically, depending on the position of the embryo within the nest. Endothermic broiler chicken (Gallus gallus domesticus) eggs kept under conditions devoid of variation in temperature and light exhibit 40-90 min cycles but not circadian rhythms as such (Akiyama et al. 1999) . In contrast, metabolic circadian rhythms (oxygen consumption) establish from as early as the first few days of development in five species of snake embryos and the daily fluctuations reflect the activity patterns of adults (Dmi'el 1969) .
Until recently oviparous embryos were viewed as thermally passive, relying on maternal selection of nest-sites to determine ambient nest temperature (Shine 2006) ; however, embryos of the Chinese soft-shelled turtle (Pelodiscus sinensis) alter metabolic rates by physically moving within the confines of the egg when exposed to heat gradients (Du et al. 2011) . Also, embryos of the Murray River turtle (Emydura macquarii) can endogenously increase metabolic rates and heart rates and in consequence hatch at a more advanced stage (McGlashan et al. 2012) . Compensatory or accelerated embryonic growth also occurs in birds (Clark et al. 2010) , with eggs oviposited late within a clutch maintaining higher metabolic rates than eggs oviposited earlier.
External temperature may broadly set metabolic rates of developing reptiles, but embryos may be able to adjust developmental rates over a certain range at a given temperature. If developmental processes (e.g., heart rate and metabolic rate) display circadian rhythms, accelerated development may relate to changes in the daily cycle by responding to more specific biotic (e.g., developmental rate of siblings) (McGlashan et al. 2012 ) and abiotic (e.g., floods and hypoxia) (Doody et al. 2001) factors and not to temperature per se (Spencer and Janzen 2011) . The first step in understanding plasticity of embryonic development in oviparous species is to develop daily profiles of development throughout incubation. The aim of this study was to develop profiles of embryos' heart rate for the freshwater turtle E. macquarii under constant temperature and lighting conditions to determine whether circadian rhythms exist and at what stage of embryogenesis they become established.
Methods

Study species
Belonging to the family Chelidae, E. macquarii is a short-necked species of turtle that inhabits freshwater lagoons of the Murray Darling Basin and some river basins of coastal New South Wales and southeastern Queensland, Australia (Cann 1998) . These turtles spend the majority of their life in water (Vitt and Caldwell 2009) , only coming onto land to lay eggs or bask. Their clutches consist of 10-30 eggs and are oviposited during or after rain from October to December (Bowen et al. 2005) . Within a nest, communication occurs among developing sibling embryos and apparently facilitates hatching and emergence from the nest as a group. Embryos can accelerate metabolic rates, particularly during the last third of development, ensuring that all embryos hatch at similar developmental stages despite thermal gradients occurring between the top and bottom of a nest (Spencer et al. 2001; McGlashan et al. 2012 ).
Acquisition of eggs
Using funnel and cathedral traps, E. macquarii were captured from a lagoon off the Murray River, Albury, New South Wales (36803 0 S, 146856 0 E) from 9 to 13 November 2010. To induce oviposition, female turtles were palpated in the inguinal region to determine if they were gravid, and gravid females were given a subcutaneous intramuscular injection of 2 ml oxytocin (Ilium Syntocin 10 IU/ml, Troy Laboratories PTY LTD) in the thigh (Spencer et al. 2001) and then placed in enclosed containers until oviposition. Eggs were marked with a soft pencil (2B) to identify the clutch and the egg's position. Eggs were buried in moist vermiculite as they were oviposited and kept cool in a dark, air-conditioned room for up to 3 days until all eggs were collected. When all turtles had oviposited, the eggs were transported to the University of Western Sydney, Hawkesbury campus, and clutches were separated into individual containers for incubation. During the experiment, containers were weighed and hydrated weekly to maintain a 1:1 ratio of mass of vermiculite to mass of water and the container position was rotated within the incubators (Contherm 500R and Sanyo MLR) to account for potential thermal gradients. McGlashan et al. (2012) provide a fuller description of the collection of eggs and maintenance of incubation.
Experimental design
Heart rates of embryos (HR: bpm) were monitored and compared between eggs incubated at 308C and at 268C at four times (6 am, 12 noon, 6 pm, and 12 am) over a 24-h period, once every 7-11 days. Each week, four random clutches were chosen from each temperature regime and an individual egg from each clutch was randomly selected to measure heart rate over 24 h. Eggs were immediately placed on a Buddy digital egg monitor system Õ (Avian Biotech, England) in complete darkness. See Lierz et al. (2006) for a full description of the Buddy system, but in brief, it senses the variation in intensity of infrared light absorbed and reflected by arterial vasculature as it pulsates in the egg membrane (Sunter 2008) . Embryonic movement is detected and differentiated from readings of heart rate; movement is indicated on the Buddy during readings of heart rate (Druyan 2010) . Heart rates of each egg were then recorded each minute for 4 min, before the egg was placed back into its original position within the clutch. Mean heart rate for individual eggs was calculated at each recorded time and also over the 24-h period.
Consistent heart rates were detected 4-6 weeks before hatching (308C and 268C regime respectively) and individual eggs were only used for one 24-h monitoring period during the study. The incubation time of E. macquarii in this study differed in respect to the incubation temperature. Dormer (2012 ) used Yntema (1968 embryonic staging criteria to compare developmental rates of E. macquarii at different temperatures. Progression through each embryonic stage is rapid at both temperatures early in development, but progression of stages later in development is reduced at 268C compared with 308C (Fig. 1 , adapted from Dormer 2012) . Eggs kept at a constant 308C had an incubation length of 7 weeks, and those kept at a constant 268C had an incubation length of 9 weeks. Eggs were kept in darkness and received minimal and irregular exposure to light during hydration and movement between the incubator and egg monitor.
Statistical analysis
At each time period, the difference (%) that heart rate varied from that individual's mean heart rate for the 24-h period was calculated. Data were tested for both heterogeneity and normality prior to using separate (268C and 308C). Two-way repeated-measures analyses of variance (week of incubation Â sampling period during 24-h period) were used to test differences in heart rates throughout a 24-h period and to ascertain whether those differences related to time of day (Sigmastat 3.1; Systat Software Inc., Point Richmond, CA, USA).
Results
Neither peak heart rate nor minimum heart rate in E. macquarii was associated with time of day at either temperature; however, cyclical peak and minimum heart rates were observed throughout each 24-h period (Fig. 2) . A general pattern occurred in both incubation regimes, whereby the peak heart rate and minimum heart rate were observed 12 h apart, and an intermediate heart rate was recorded at 6 h either side of the peak (Fig. 2) . At 308C, relative departures of heart rate from the mean were consistent throughout the incubation period (F 2,47 ¼ 12, P ¼ 0.35; Fig. 3a) , and the peak and the minimum heart rates were significant from the time periods 6 h before and 6 h after them (F 3,47 ¼ 1013, P50.001; Table 1 ). There was no significance between the Fig. 1 Relative developmental rates at 308C (dark gray) and 268C (light gray) of Emydura macquarii based on stages of development (Yntema 1968) . Adapted from Dormer (2012) .
time periods that exhibited intermediate heart rates (i.e., þ6 h/À18 h and the þ18 h/À6 h). Similar patterns were observed at 268C (Table 2) , at which relative departures of heart rate from the mean were consistent throughout the incubation period (F 3,63 ¼ 20, P ¼ 0.50), and the peak and the minimum heart rates were significant from the time periods 6 h before and 6 h after them (F 3,63 ¼ 1967, P50.001). There was no significance between the time periods that exhibited intermediate heart rates (i.e., þ6 h/À18 h and the þ18 h/À6 h). However, a significant incubation by time-period interaction existed (F 9,63 ¼ 239, P50.001). Similar to 308C, a 12-h peak to minimum heart rate cycle existed at 268C (Table 2 ), but the duration of time from peak rate to the minimum rate was 6 h, at 2 weeks prior to hatching (Table 2, Fig. 3b ).
Discussion
A basic biological question is whether an organism's physiology has cyclical qualities that occur throughout their life-history or only develop in a mature state when functions become phased to daily environmental fluctuations (Johnson 1966) . Circadian rhythms are endogenous patterns that occur over a 24-h cycle. Although circadian rhythms respond to environmental cues (e.g., sleep patterns), many physiological processes establish rhythmic patterns without external stimuli (Golombek and Rosenstein 2010) , and a significant part of understanding the developmental processes behind these cycles comes from understanding ontogenetic development of the endogenous metabolic processes. Circadian rhythms of behavior in many animals are first visible within a few weeks after birth, but daily biological timekeeping can begin much earlier. For example, circadian rhythms in zebrafish are evident by day 3 after exposure to brief pulses of light during the first day of development (Ziv and Gothilf 2006) and they also express clock gene (per1) transcription in a rhythmic fashion on the second day of development (Dekens and Whitmore 2008) . Mammalian species develop circadian rhythms in utero, with human fetuses developing circadian rhythms in breathing (Patrick et al. 1978 ) and gross body movement (Roberts et al. 1979) in the final trimester. Other circadian rhythms that develop during final trimester of mammalian embryonic development are heart-rate patterns in fetuses of baboons (Papio sp.) (Fletcher et al. 1996) , activity/rest patterns in Syrian hamsters (Mesocricetus auratus) (Davis and Gorski 1988) , and metabolic activity of suprachiasmatic nuclei (SCN) in rats (Reppert and Schwartz 1984) . In many vertebrate species, the SCN, together with the lateral eyes Fig. 2 The percentage difference from the average heart rate of eggs incubated at 268C (light gray) and 308C (dark gray) at various stages before and after peak heart rates (n ¼ 36). Data for up to a month before hatching were pooled and the x-axis represents duration of time (h) away from peak heart rate. and the pineal complex, is responsible for generating and regulating circadian rhythms (Menaker and Tosini 1996) .
Circadian rhythms and the mechanisms behind them have been extensively studied in mammals (reviewed by Reppert and Weaver 2001) ; however, there are few authors who have investigated circadian rhythms in the embryos of oviparous species (Bodine 1929; Dmi'el 1969; Saigusa 1993) . While the SCN is critical for maintaining circadian rhythms in mammals, its role may be diminished within Fig. 3 Changes in heart rate of eggs incubated at (a) 308C and (b) 268C over 24 h at various stages before hatching (1-4 weeks prior to hatching). The percentage difference from the average heart rate for that 24 h period (n ¼ 4-8) is shown. X-axis represents the hours away from the peak heart rate. Data from either side of the peak have been pooled to display average heart rates over a 24-h period. The dotted black line represents 1 week prior to hatching, the dotted light gray line represents 2 weeks prior to hatching, the solid black line represents 3 weeks prior to hatching, and the solid light gray line represents 4 weeks prior to hatching. reptilian taxa, in which the pineal gland is largely responsible for regulating circadian rhythms (Tosini et al. 2001) . The mechanisms of circadian rhythms in reptiles vary not only in the role that the organs play between species but also in how they function during different seasons (reviewed by Tosini et al. 2001) . Heart rates of turtle embryos in this study showed circadian rhythms under constant incubation temperatures. To our knowledge, this study provides the first evidence that heart rates of embryos in the eggs of oviparous species experience circadian rhythms without significant environmental cues. We were able to detect circadian rhythms of heart rate mid-way through the incubation period (stages 19-22, Fig. 1) ; however, it is likely that circadian rhythms had established earlier, but our equipment was unable to reliably detect heart rates before these stages. Metabolic circadian rhythms (oxygen consumption) establish within the first few days of development in snake embryos (Dmi'el 1969) , and these reflect patterns consistent with activity observed in their adult counterparts (Dmi'el 1969) . Although heart rates established 24-h cycles in the current study, the patterns were asynchronous under constant conditions of temperature and light. The underground nests of turtles have significant thermal gradients whereby embryos at the top of the nest experience different conditions to those at the bottom. Patterns of metabolic and developmental rates synchronized within clutches are highly likely to occur within the complex environment of a reptile's nest, particularly if group emergence confers improved survival. Metabolic circadian rhythms may be an important mechanism or cue to synchronize patterns of activity among embryos within a nest. We know that E. macquarii have the ability to metabolically compensate during embryogenesis by increasing metabolic rates in the presence of more advanced embryos (McGlashan et al. 2012 ), but the mechanisms through which they achieve increased developmental rates are unknown. Our results indicate that circadian rhythms of heart rate establish well before less developed embryos in a clutch respond (metabolically) to more advanced embryos during the last third of incubation. One mechanism, differences in heart rate among siblings, may establish discernable vibration or audible cues that may be detected by less developmentally advanced embryos (McGlashan et al. 2012) . The daily fluctuations of heart rate during embryogenesis identified in this study may provide the mechanism through which less developed embryos increase their developmental rates and thereby facilitate early hatching and establish hatching synchrony (Colbert et al. 2010; McGlashan et al. 2012) . Embryos may have the ability to increase or decrease heart rate by up to 15-20% (Fig. 2) . Less advanced embryos in a clutch respond to cues from siblings during the last third of incubation by increasing both metabolic rate and heart rate (McGlashan et al. 2012) and by adjusting either the duration or magnitude of peak heart rate during the daily cycle. Accumulated increases in developmental rates for the last third of incubation may allow turtles to hatch earlier than expected without any noticeable disadvantages in terms of performance or growth (Spencer and Janzen 2011; McGlashan et al. 2012; Spencer 2012 ).
This study found that heart rates in embryos of E. macquarii fluctuated independently of time of day and hat patterns were not synchronized between clutches; however, it is not known whether eggs within a clutch are synchronized together or to the time of oviposition. Clutch synchronization of heart rates and other metabolic/developmental processes would allow closely matched hatching times within a clutch, which may be important for group emergence from the nest. Further studies examining group dynamics and the synchronization of circadian rhythms of clutch mates within a nest would demonstrate the complexity of embryonic communication. The nest environment provides an ideal microcosm for communication and social interactions to evolve and little research has occurred in this area of biology.
In conclusion, endogeneous metabolic circadian rhythms establish early during embryogenesis in E. macquarii, with cyclical fluctuations in heart rate of up to 20% occurring throughout a 24-h period. The nest environment is more complex than individual eggs merely developing independently in thermal gradients; cyclical fluctuations in heart rate may both represent cues and mechanisms that synchronize development and hatching, phenomena that appear important for achieving synchrony in emergence from the nest.
